Abstract-One way to incorporate the increasing amount of wind penetration is to control wind turbines to emulate the behavior of conventional synchronous generators. However, the energy balance is the main issue for the wind turbines to be truly dispatchable by the power system operator such as the generators. This paper presents a comprehensive virtual generator control method for the full converter wind turbine, with a minute-level energy storage in the dc link as the energy buffer. The voltage closed-loop virtual synchronous generator control of the wind turbine allows it to work under both grid-connected and standalone condition. Power balance of the wind turbine system is achieved by controlling the rotor speed of the turbine according to the loading condition. With the proposed control, the wind turbine system can enhance the dynamic response, and can be dispatched and regulated by the system operator. The sizing design of the short term energy storage is also discussed in this paper. Experimental results are presented to demonstrate the feasibility and effectiveness of the proposed control method.
all U.S. electricity by 2030 [2] . Nowadays, most wind turbines (WTs) are controlled to output the maximum power available and not react to grid disturbances except for severe faults, and the power fluctuation is balanced by conventional synchronous generators (SGs). However, the case will be different when the penetration becomes larger with more traditional SGs replaced by the WTs. The loss of system controllability and decrease of the system inertia will cause fluctuations in grid voltage and frequency. In addition, the uncertainty and variation of the wind will also pose challenges to system operators [3] . Thus, grid support control functions from the WTs will be important to be integrated into the future grid.
Full converter WT (FCWT), also known as type-4 WT, is one of the most commonly installed types of WT. The global market share has been increasing and reached 40.8% in 2013 [4] . Because of the power electronics interface, FCWT can adjust turbine rotational speed, to allow for accurate maximum power point tracking (MPPT), and operate decoupled with the grid conditions. Various kinds of grid support controls have also been developed for these FCWTs. With appropriate control, the FCWTs will be able to change the active and reactive power injections in addition to the MPPT operation during grid disturbances [5] [6] [7] [8] . However, they cannot be regulated and dispatched such as traditional SGs by system operators.
Researchers then seek to develop controls for the grid interfacing power electronics converters to mimic the behaviors of SGs, to provide both short-term grid support and long-term power dispatch functions [9] [10] [11] [12] [13] . Rather than the traditional phase locked loop (PLL), the virtual SG (VSG) control utilizes the swing equation to synchronize with the grid [14] . Thus, the built-in droop and inertia characteristics of the VSG control can provide better active power-frequency response for gridconnected converters [15] . The inertia constant and the damping ratio of the emulated SG can be adjusted to accommodate system conditions [16] . Reactive power control and load sharing are achieved [17] . The small-signal model and stability of the VSG control are also studied in the literature [18] [19] [20] .
However, previous works on the virtual VSG controls are mostly focused on the grid interfacing controls. Energy storage is assumed to be large enough to support all the power balance of the renewable generation system, which is not always the case. In [21] , Zhong et al. presented the VSG control for the FCWT; it can provide the MPPT function while preserving some of the SG dynamics, but it cannot allow stand-alone operation, and output power of the FCWT cannot be regulated and dispatched. Thus, it still remains a challenge to maintain the power balance and the control coordination between the renewable generation and grid integration, with limited capacity of the energy storage.
Combining the WTs with short-term energy storage has been studied in academic fields and implemented in industry products [22] [23] [24] . With minute-level energy capacity, the storage helps to compensate the power fluctuation of the wind generation and provide dynamic grid support. In [25] , an energy storage is implemented on the dc link of the FCWT as the energy buffer between the wind generation and the grid interfacing VSG control. This paper continues the work, focuses on the energy balance, and develops a comprehensive VSG control strategy for the system of FCWT with the consideration of limited capacity energy storage.
The proposed control will not only allow the FCWT to exhibit SG dynamic behavior to support the grid, but also allow it to work under both grid-connected and stand-alone condition. The FCWT would follow the load or the system command when the wind is sufficient, and limit its output to the maximum available when the wind is deficient. The size requirement of the energy storage is also discussed.
The structure of the paper is organized as follows: Section II introduces the studied FCWT system and the basic control principle; Section III presents the controls for each component in the system; then experimental results are given in Section IV; and Section V concludes this paper.
II. STRUCTURE AND BASIC CONTROL PRINCIPLE
FCWT adopts an ac/dc/ac structure to transfer the captured energy from the wind generator to the grid, as shown in Fig. 1 . A minute-level energy storage is connected to the dc link of the system to help with maintaining the dispatch command.
As the output characteristics of the WT are determined by the emulated generator, the grid side converter (GSC) determines the output power by the grid condition and system dispatch. The other converters will then maintain the power balance of the WT generation system. The storage side converter (SSC) controls the dc link voltage by charging or discharging the energy storage. The machine side converter (MSC) controls the wind generation to match the load condition of the GSC by adjusting the turbine rotating speed.
The operation diagram of the VSG-controlled FCWT is shown in Fig. 2 . In VSG normal operation, the state of charge (SoC) of the storage will be controlled around SoC setpoint . If it is higher, that means MSC generates more power than needed by the GSC, the power generation should be reduced, and vice versa. When SoC drops low, the control will make transition to VSG MPPT mode: in which MSC generates the maximum available power, and GSC will output the generated power while preserving the SG dynamics including inertia response, voltagevar control, etc. On the other hand, when SoC is too high, pitch control will be enabled to reduce the power intake. E 1 -E 4 in the figure indicates the energy capacity for each SoC section. Fig. 3 shows the overall operation state machine. When a grid fault occurs, power electronic converters based generation cannot sustain as large fault currents as SGs do. During the grid fault, the control will transition to focus on protecting itself, and back to normal VSG control when the fault is cleared. The system will trip and shutdown itself if: 1) the fault lasts too long for the FCWT to ride-through; 2) an internal fault is detected in the FCWT; 3) grid voltage and frequency are outside of normal operation limits for an extended period of time as grid code requires [38] ; or 4) the system operator commands it to shut down. The detailed control strategies for each component and sizing discussion of the energy storage will be presented next in Section III.
III. DETAILED CONTROL STRATEGY

A. Grid Side Converter Control
In order to mimic the behavior of an SG, the GSC measures the output currents i dq of the WT, and feeds them into the emulated generator's model. The voltage and angular frequency outputs from the model V dq * and ω r are closed-loop controlled by the GSC; thus, it can be considered to supply steady voltage source to the power system or directly to the loads in the stand-alone operation. The overall control diagram is shown in Fig. 4(a) , where d dq and d abc are the pulse width modulation control duty ratios of the GSC in dq and abc axes, respectively.
The output voltage reference is calculated through the electrical model of the generator, shown in Fig. 4(b The output frequency is determined by the mechanical model of the virtual generator, demonstrated in Fig. 4 (c). P cmd is the power reference given by the system dispatch, M and D are the inertia constant and the me friction caused damping factor, ω r is the rotor speed, ω s is the synchronous speed, and the angle θ is given to the park transformation of the converter control. Different from spinning generators, the parameters of the VSG can be set arbitrarily according to the system needs, and be changed dynamically in real time. In this paper, actual generator's parameters are chosen to show the feasibility of the control. The stability analysis can be found in [18] [19] [20] .
The GSC synchronizes with the grid frequency by using the swing equation provided by the mechanical model of the virtual generator, without the help of the PLL. The inertia-frequency response can be intrinsically emulated through the VSG control. In addition, power system controls developed for SGs can also be implemented, including: automatic generation control, automatic voltage regulator, power system stabilizer (PSS), etc. [26] .
By implementing the electrical and mechanical models of the SG, the output power of the WT is determined by the grid and load conditions. It is possible that the output power exceeds the maximum available power from the wind, and it is also possible that the GSC will absorb power when the grid frequency is higher than the nominal value. A power limiting function is then proposed and implemented in Fig. 4 (c) for these two possible scenarios. P max is the maximum power allowed in steady state, while the minimum power output is 0, keeping it from going negative. DΔω is the steady state error of the inertia block, and it is added to the limits in order to compensate the error. Thus, under grid-connected condition, the implemented limiter will keep the GSC electric power output P elec GSC within the thresholds in the steady state.
P max is set to be the smaller value between the power dispatch value P cmd and the maximum available wind power P MPP , as it is preferable to output its maximum power when it cannot fulfill the demand during low wind period. P MPP is determined as the WT reaches maximum power point (MPP) through the sector identification explained in Section III-C. If the FCWT operates in the VSG MPPT mode shown in Fig. 2 , the MPP limiter would be in effect. In this case, the WT can achieve the MPPT control, while maintaining generator dynamics during transients.
During stand-alone operation, the WT is operating without a voltage source provided by the traditional generator. Thus, its output power is solely determined by the load. In this situation, if the output electrical power of the virtual generator becomes larger than P max provide by the limiter, the output frequency will be greatly decreased. Under frequency load shedding (UFLS) mechanism will then be triggered and reduce the system load until the generation-load system reaches equilibrium. If still not enough, the FCWT will be shut down to prevent further damage.
The inner closed-loop output voltage control of the GSC can be implemented by single loop or double loop with inner current control loop. The control block diagram for d axis is shown in Fig. 5 as an example, where L f is the output inductor filter of the GSC, decoupling indicates the cross-coupling terms for current and voltage control in dq axis, LPF indicates the signal conditioning low-pass filter for the measured voltage and currents, ω fc and ω fv are the cut-off frequency for the corresponding LPFs. The detailed controller design can refer to [33] , [40] , and [41] .
B. Storage Side Converter Control
The control diagram is shown in Fig. 6 , where V dc is the dc link voltage of the FCWT, V dc * is the voltage reference, and I dc stor * is the current reference of the energy storage converter. Thus, the dc voltage can be maintained with allowable SoC. The energy storage is considered ideal in this paper. Since the storage is being charged and discharged whenever there is power unbalance between the MSC generation and GSC consumption, a relatively fast responding storage technology is recommended for the application. The detailed model and corresponding current controls should be selected and designed according to the specific storage technology [23] , [42] , [43] and will not be further discussed in this paper.
C. Machine Side Converter Control
MSC controls the rotor speed of the turbine, and thus the power balance can be achieved by moving the operating point along the wind characteristic curve. As discussed in Section II, SoC of the storage is used as the input of the speed loop, as shown in Fig. 7 .
The speed reference ω * is generated by a PI controller. The PI parameters are chosen based on the operating condition of the WT [27] . As shown in Fig. 8 , there are two possible operating points A and B, given a certain desired output wind power: A is to the left of the MPP, with positive curve slope, requires positive PI parameters; while B is to the right with negative curve slope, and requires negative PI parameters. Note that operating point A is in sector 1 and B is in sector 2. Whenever a sector transition is identified, the PI controller will undergo a procedure to keep the output ω * the same as the previous control cycle, and hence provide a smooth transition between the sectors.
Typically operating in sector 2 provides more kinetic energy for dynamic response, and it is easier to design the PI parameters of the turbine speed control [27] . However, due to the mechanical constraints, the WTs are not designed to operate at high rotational speed. In this paper, a maximum rotor speed ω * max is assumed to be 1.2 p.u. Thus, the WT has to be able to operate in both sectors. Then, the turbine speed is controlled by inner current loop [44] , [45] , which will not be discussed further in this paper.
The identification of the operating point sector is important for the control and operation of the MSC, otherwise the wrong PI parameters will be applied. Intuitively, the operating sector can be recognized by the relationship of the changing direction of the wind power P w and rotor speed ω, as shown in (1). However, since WTs usually have relatively large inertia constant, the actual wind power is hard to be estimated through the measurement of the electric power P e and the rotor speed. Misidentification will be caused by external noise and measurement error of the rotor speed
Therefore, identification criterion (2) is proposed in this paper, by directly using ω and P e , and the predetermined MPP curve f (ω), which is the dashed curve shown in Fig. 8 . This curve is usually provided by the manufacturer and used for the traditional MPPT control, and it is usually close to the cubic function of the rotor speed (f (ω) ≈ kω 3 ). Thus, when the electric power output of the WT is above the supposed MPP curve, it is working under sector 1 and vice versa
The electric power output P e is the difference of the wind power and the kinetic energy absorbed by the turbine rotor. Misidentification occurs when the turbine is accelerating in sector 1, or decelerating in sector 2, in other words, when the turbine is moving toward the MPP. It is tolerable because: 1) when it reaches closer to the MPP, the wind power input does not change much, and 2) it helps to slow down the speed control loop by applying the opposite direction to the controller. When the identification is constantly switching between the sectors, it can be recognized that the WT is already working under the MPP, and no additional wind power is available.
D. Pitch Control
If SoC of the energy storage rises to the SoC Pitch threshold in Fig. 2 , or the electrical power of MSC is larger than the rated power P rated due to a wind gust, then pitch control is enabled to spill the excess power. The control is adopted as shown in Fig. 9 , in which β represents the pitch angle.
E. Discussion on Sizing of the Energy Storage
As described in previous sections, in VSG normal operation, the energy storage helps to maintain the dispatched power until the SoC reaches the thresholds of SoC MPPT and SoC Pitch . Thus, the energy capacities E 2 and E 3 in Fig. 2 will be utilized to 1) provide the energy to control the rotor speed of the WT Fig. 9 . Pitch control to reduce excessive power.
to the desired value during the transients; and 2) carry out the power demanded by the load under stand-alone condition, or the commands dispatched from the system operator.
Since E 2 and E 3 are to provide or absorb kinetic energy for the WT rotor during VSG normal operation, the design of them has to be large enough to accelerate or decelerate the WT to its new operating point when wind speed or system command change. Since most modern FCWTs have the inertia constant around 3-5 s [28] - [29] , E 2 and E 3 should at least be designed to that value, with some margin to provide the GSC output power during the transient. Higher margin would allow slower transient that the WT move to its new steady-state operating points, which lead to lower strain on the mechanical and power electronics devices. In this paper, a minimum 12 s rated power of energy capacity of E 2 and E 3 is selected to ensure the smooth operation of the rotor speed control loop.
On the other hand, E 2 will also be used to compensate the power difference between the GSC and MSC during low wind conditions. If the command power is less than the available wind power, the energy capacity of E 2 should be able to provide the requested power until the next control cycle. Thus, E 2 should size
where T interv is the time interval of wind forecast and system dispatch, and Err forecast is the error percentage of the wind forecast. Assuming 5 minutes' interval [29] , and 10% error [30] , 30 s rated power of energy capacity should be designed for E 2 . As it is always easier to spill extra power through pitch control, E 3 can be designed smaller to support the dynamics of the GSC and MSC, without considering the impact of forecast. Below the SoC MPPT threshold, the WT will transition to the VSG MPPT mode, in which power limiter in Fig. 4 will take action and reduce the output power of the WT to the maximum available. This mode allows the system operator to reset the setpoint according to the forecast. The storage will begin to recharge when the wind power is larger than the demanded power. So E 1 should be designed to provide the energy for SG dynamics during contingencies. The required energy for the inertial response to a frequency event can be estimated as
where H is the inertia constant of the emulated SG, ω s is the synchronous speed, and ω nadir is the lowest frequency during the event. Assume the inertia constant is 5 s, and the maximum frequency contingency to be 58 Hz, E 1 should at least be 0.33 s rated power of energy. However, considering that the FCWT system can no longer be controlled if the storage runs out of energy during the transient, E 1 can be designed with larger margin.
Similarly, E 4 is the energy buffer for the surplus power. Its design depends on the speed of the pitch control. Assuming the pitch rate is 8°/s [31] , 2 s will be enough for the power to reduce to the GSC demands, and hence the E 4 energy capacity can be designed around it, with some margin to avoid over-charging the energy storage.
Overall, E 1 -E 4 together can be designed to minute-level, which is the assumption of this paper.
IV. EXPERIMENTAL RESULTS
A. Experiment Platform
Experiments were conducted in a real-time scaled-down power-electronics-based power system emulation platform, as shown in Fig. 10 , where all the components in the system are emulated by reconfigurable converters in a paralleled connection [32] [33] [34] [35] . These converters can be configured and programmed to behave like traditional generators, static and dynamic loads, WTs, and energy storage in real-time. Compared with computational simulation, the converter-based real-time emulation provides actual switching devices, measurements, and communication which make the studied system closer to the real world. In addition, it avoids the numerical stability problems with multiple switching devices in the digital simulation. The experimental results are recorded by LabVIEW, which commands and communicates with all the components in the experimental system.
The experiment topology is developed based on the Kundur two-area system [26] , where the generators on bus 2 and bus 3 are replaced by the FCWTs with 70% of the original power rating, such that the wind power takes around 40% of the total generation capacity. Fig. 11 shows the topology of the hardware platform of the emulated two area system. The system Table I . The transmission line is represented by the inductors, the original system parameter in per unit value, designed impedances in the rescaled base, and actual measured impedances are presented in Table II [46] .
B. Control Parameters
The design of the control parameters for a system with multiple sources and loads is more complex than the design of a single source due to the harmonic stability issues. In order to ensure stable operation, the impedance-based stability criterion has been applied to the impedance-based equivalent circuit of the two area system. The stability criterion was checked multiple times in succession at different buses of the system, as shown in Fig. 12 . The components in the system are added one by one from nodes in the lowest level to areas in the highest system level, and accordingly apply the criteria five times. For a certain set of control parameters, if all the stability checks are stable, it is guaranteed that the system can operate stably [47] , [48] . Thus, the controller parameters can be designed to make sure the converters can operate stably individually and together in the system, by repetitively applying the stability methods, and check whether if the system is stable under the control parameters under trial.
The single loop voltage control with current feedforward compensation is used for the grid-connected and stand-alone operation experiments, as shown in Fig. 5(a) , and the designed control parameters are presented in Table III .
C. Grid-Connected Operation of Proposed VSG Control
The experimental results Figs. 13-15 are obtained with only area 1 enabled, where G1 and FCWT2 are supplying load at bus 7. Fig. 13 shows the experimental results with mode transitions of the VSG operation. Before t 1 the wind speed is set to be 10 m/s, and SoC is lower than SoC MPPT , the FCWT is working under VSG MPPT mode. At t 1 , wind speed changes to 12 m/s, and rotor speed starts to change to capture more wind power, and charge the energy storage. At t 2 it is able to fulfill the system dispatch, and transition to VSG normal operation. After t 3 wind speed changes back to 10 m/s, and FCWT can continue to output the system command power until t 4 when SoC drops to the lower threshold. It transitions back to the VSG MPPT mode. Wind speed changes to 15 m/s at t 5 ; at this moment, the captured wind is larger than the rated value, so pitch control quickly enables to spill the excess power, and back to the normal operation again. Both control modes can track the wind variation and output maximum power. But the behavior is different when there is large disturbance in the grid, such as the load step change in Fig. 14 . Traditional MPPT will not change its power injection, while VSG MPPT will provide the inertia response in the first few seconds, and help with the frequency control of the system. Fig. 15 shows the performance of the system under variable wind conditions, the time sequence of the wind speed is generated by NREL TurbSim [36] . A higher SOC MPPT (0.6 p.u.) is assumed in this result just for displaying the transition from VSG MPPT mode to VSG normal operation. After transition at around 150 s, SOC MPPT changed back to 0.3 p.u. to avoid frequent mode transition. In the beginning, the output power is limited to the maximum available power, and the storage charges when the wind power is higher than the system power dispatch (0.8 p.u.); once the SoC is high enough and reaches the predetermined threshold, the WT transitions to normal operation and carries out the dispatch commands.
Dynamic performance of the VSG control is shown in Figs. 16  and 17 . The results are obtained with the full two-area system. Fig. 16 shows the power and frequency response at bus 3, when a load step-change of 0.6 p.u. power occurs around 1 s. Traditional MPPT has the worst result, while VSG normal operation and VSG MPPT modes provide active power injection during the frequency event, and hence less frequency nadir. Fig. 17 shows the experimental results of using predesigned PSS to reduce the interarea oscillations. The event is triggered by load step change. The stabilizers on the emulated excitation system of the VSG help to increase the damping ratio of the system from 5% to 10%, while there is no need to re-invent a new controller to achieve the same function for the system damping. Fig. 18 shows the experimental result with the FCWT2 supplying the load on bus 7 by its own, while G1 and all components in area 2 were disconnected. In VSG normal operation, the FCWT can adjust the rotor speed and pitch angle according to the load condition, even if the load is larger than the available wind power. When SoC drops to the threshold, the power limit block is enabled, and system frequency drops rapidly. The UFLS protection triggers to reduce the load until it is within the available power. The settings are presented in Table IV [37] . If the load does not have UFLS protection equipped, the output frequency will keep dropping until the event is then considered as an internal fault, and the FCWT will trip itself and go into the shutdown state as shown in Fig. 3 .
D. Stand-Alone Operation of Proposed VSG Control
E. Fault Operation
To protect the converters from the large fault current, current limiting techniques should be adopted to restrain the output current. For the cases with single voltage control sloop, larger virtual impedance can be used to reduce fault current [38] . If the voltage is closed-loop controlled through double loop with inner current loop, current reference limits are set to keep the output current within the safety limits. As shown in Fig. 19 , the control can successfully reduce the fault current.
V. CONCLUSION
VSG control allowed the renewable energy sources to behave like the traditional SG to operate in the power system. However, the energy balance of the generation system was not well discussed in the previous literature. This paper developed the VSG control for FCWTs, with the consideration of a short-term minute-level energy storage integrated into the dc link.
1) GSC performed the VSG control, with power limitations for the extreme conditions. 2) SSC regulated the dc link voltage and provided a buffer for the power generation and grid-interfacing control.
3) The power balance was maintained by turbine speed control though MSC, according to the SoC of the storage. With the proposed VSG control, FCWTs can display the same output behavior as a conventional SG. This allowed FCWTs to 1) be able to operate in both grid-connected and stand-alone conditions, allowing non-MPPT operation of the WT according to load or dispatch command by the system operators, while providing grid support functions; and 2) be able to identify when it was already at the maximum available power, and limit the output power in VSG MPPT control mode to avoid deep discharging of the energy storage, while still exhibiting SG dynamic behavior. The schemes for power limiting and the identification of the operating conditions were proposed, and the energy capacity required for the energy storage was discussed in this paper.
The experiments were conducted in a power electronics based power system emulation platform; results demonstrated the feasibility and effectiveness of the control.
